The aim of this study was to assess the energy balance of a hypothetical microalgae-based wastewater treatment plant (10,000 PE) located in the Mediterranean Region, where harvested microalgal biomass and primary sludge would be co-digested to produce biogas and bioenergy. The assessment was based on experimental results obtained over one year in pilot high rate algal ponds followed by anaerobic digesters for biogas production from harvested microalgal biomass and primary sludge. The energy balance compared four scenarios: 1) anaerobic co-digestion of microalgal biomass and primary sludge, and cogeneration from biogas in a combined with heat and power (CHP) unit; 2) codigestion with thermal pretreatment of microalgal biomass, and cogeneration from biogas in a CHP unit; 3) co-digestion and heat generation from biogas in a boiler; and 4) co-digestion with thermal pretreatment of microalgal biomass, and heat generation from biogas in a boiler.
Introduction
The wastewater treatment sector has considerably evolved over the past decades showing a huge increase in treatment facilities based on conventional wastewater treatment systems [1] . However, energy requirements for these conventional technologies (such as activated sludge) are about 1 kWh/m 3 [2] , which represents a high energy consumption. Furthermore, it has been estimated that aeration is responsible for more than 60% of the total energy consumption of activated sludge processes [3] . Thus, energy devoted to wastewater treatment must be significantly reduced to cut down both environmental impacts and costs. Besides, the final effluent and by-products from wastewater treatment facilities are currently regarded as wastes with no value. To make wastewater treatment self-sufficient, it is necessary to shift from the current model of sanitation towards a new one in which wastewater treatment systems will become a low energy demanding industry, able to generate marketable products rather than wastes.
In this new scenario, microalgae-based wastewater treatment systems (such as high rate algal ponds (HRAPs)) are an alternative in suitable cases (e.g. enough surface area available and high solar radiation) with low-energy demand, which produces microalgal biomass that could be used as bioenergy feedstock [4] . HRAPs were developed in the late 1950s in California [5] and used since then to treat a wide variety of municipal, industrial and agricultural wastewaters [6] . In such systems, microalgae photosynthesis provides the oxygen required by heterotrophic bacteria to oxidise organic matter without external aeration [7] . Since these systems do not require mechanical aeration, they only consume around 0.02 kWh/m 3 [8] . This corresponds to a saving of more than 50% of the energy applied to the mechanical aeration of an activated sludge reactor. Furthermore, microalgal biomass S2 produced in HRAPs could be digested to produce biogas and cover the energy requirements for wastewater treatment [9] . It was estimated that between 800-1400 GJ/ha year could be produced from microalgae-based wastewater treatment plants (WWTPs), which could be used to provide sufficient energy for medium (10,000 PE) and small-scale systems (2,000 PE) [10] . Furthermore, the sludge from the primary treatment could be co-digested to increase the biogas and bioenergy production. In spite of the increasing interest in HRAPs and anaerobic digestion of microalgal biomass, their full-scale implementation for bioenergy generation in WWTPs has yet to be exploited. Since the wastewater treatment capacity has been widely proved, the following step towards the dissemination of these systems is the evaluation of energy aspects in an integrated system, including biogas production from byproducts (microalgae and sludge).
The aim of this study was to assess the energy balance of a hypothetical microalgaebased WWTP (10,000 PE) with anaerobic co-digestion of harvested microalgal biomass and primary sludge. For the first time, a year-round energy assessment of a microalgae-based WWTP was undertaken based on experimental data on biomass and biogas production. These data were gathered over one year in pilot HRAPs followed by anaerobic digesters, and were used to evaluate the energy balance of four different scenarios (with or without microalgae biomass thermal pretreatment, and a cogeneration unit or a boiler for biogas conversion).
This scenario analysis allows establishing the conditions for the WWTP to be energy selfsufficient. To the best of the authors' knowledge, this is the first study evaluating the energy balance of a microalgae-based wastewater treatment system, including the co-digestion of microalgae and primary sludge with or without microalgae thermal pretreatment. Around 1-1.5 L of biomass with a total solids concentration of 0.7-1.5% (w/w) (depending on the period of the year) was harvested from each settler every weekday. More details on the microalgae composition can be found in Gutiérrez et al. [11] . Subsequently, harvested microalgal biomass was thickened in gravity settling cones for 24 h to increase the solids concentration to 2.5% (w/w), before undergoing anaerobic co-digestion. A fraction of this S2 thickened microalgae biomass was thermally pretreated. To this end, a 250 mL-glass bottle was filled with 150 mL of thickened biomass and placed in an incubator at 75 °C under continuous stirring for 10h [12] . Afterwards, pretreated and non-pretreated thickened biomass was co-digested with primary sludge in two identical lab-scale anaerobic digesters (1.5 L). Due to the low flow rate of primary sludge of the pilot-scale primary settlers, primary sludge was collected from a municipal WWTP near Barcelona and had an average volatile solids (VS) concentration of 28.5 g/L. The reactors were fed with a mixture of 75% primary sludge and 25% microalgal biomass (pretreated and non-pretreated) on a VS basis. This proportion was selected based on the optimal one among several conditions of co-digestion in biochemical methane potential (BMP) tests [13] . Continuous lab-scale reactors were operated under mesophilic conditions (37 ± 1 °C) by an electric heating cover (Selecta, Spain)
Experimental section
at a HRT of 20 days. The biomass flow rate varied from 14.6 (December) to 110 m 3 /d (April).
Constant mixing was provided by a magnetic stirrer (Thermo Scientific).
Experimental procedures
Microalgal biomass production was quantified once a week by determining the concentration of total suspended solids (TSS) from a grab sample of the HRAPs mixed liquor collected at 10 am. Monthly average biomass production was calculated in terms of g TSS/m 2 ·d, from daily production estimated for each week (Eq. (1)). 
where Ep is the potential evaporation between weekly samples (mm), calculated from Turc's formula (Eq. (3)). Note that the 7 in Eq. (2) is necessary to change from weekly to daily evaporation rate.
where R is the average solar radiation in a week (cal/cm 2 d), Ta is the average air temperature in a week (°C), and a is the dimensionless coefficient verying depending on the numbers of days elapsed between sampling (in this case 0.091, which is the value corresponding to 7 days between sapling). In general the precipitation rate was negligible in comparison to the other flows. Experimental results were used to determine the best HRT for wastewater treatment (which is the primary goal of the HRAPs) and the linked microalgal biomass production over the year. In general, as lower the HRT the higher the biomass production, but effluent water quality has to be maintained.
Energy assessment
The best HRAPs operation conditions (4 days of HRT from March to October and 8 days of HRT from November to February) were then used to perform the year-round energy assessment of a hypothetical full-scale WWTP located in the Mediterranean region.
To this aim, four scenarios were considered:
(1) HRAPs followed by anaerobic co-digestion of harvested microalgal biomass and primary sludge, and a combined heat and power (CHP) unit for biogas conversion; (2) HRAPs followed by thermal pretreatment of microalgal biomass, anaerobic codigestion with primary sludge, and a CHP unit for biogas conversion; (3) HRAPs followed by anaerobic co-digestion of harvested microalgal biomass and primary sludge, and a boiler for biogas conversion; (4) HRAPs followed by thermal pretreatment of microalgal biomass, anaerobic codigestion with primary sludge, and a boiler for biogas conversion.
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In scenarios 1 and 2, both electricity and heat would be generated from biogas, while in scenarios 3 and 4 all the biogas would be used to generate heat, and the electricity requirements of the WWTP would have to be supplied by another source (ideally from renewable energy). Ideally scenarios 1 and 2 are preferred, but in case they are not possible, scenarios 3 and 4 represent a suitable alternative (at least to recover energy as heat).
Monthly average microalgal biomass production, environmental parameters and wastewater treatment performance obtained in experimental HRAPs over one year (from January to December 2013) were used for the energy assessment (Appendix , Table A1 ). In addition, other experimental data required for the energy assessment were taken from our previous studies: (i) harvesting efficiency and harvested biomass concentration from Gutiérrez et al. [11] and; (ii) methane yield with and without thermal pretreatment from Solé et al. [13] . All the values used for the energy assessment are summarised in Table 1 . 
Energy input
The energy consumption included: (1) electricity for the HRAPs paddle-wheel and (2) electricity and heat for the anaerobic digester. The energy input for wastewater pretreatment, primary and secondary settlers was assumed to be negligible in the context of the present study, in comparison to other necessary inputs [2] . Note that these inputs usually represent less of the 10% of the total energy of WWTPs [19] . The electricity input for the paddle-wheel was calculated from Eq. (4) [17] .
E input,HRAP electricity = Q w γ (∆d channels +∆d reversals )24
where Einput,HRAP electricity is the input electricity for the HRAPs (kWh/d), Qw is the mixed liquor flow rate in motion (m 3 /s), γ is the specific weight of water at 20 °C (kN/m 3 ), ∆dreversals is the head loss in reversals (m), ∆dchannels is the head loss in channels (m), A is HRAPs surface area (m 2 ) and ε is the paddle-wheel efficiency.
The flow of mixed liquor in motion (Qw) corresponded to the flow rate through the transversal area of the HRAPs (Eq. (5)).
where υ is the water velocity (m/s), d is the water depth (m) and W is the channel width (m).
The head loss in channels and reversals was calculated according to Eq. (6) and (7), respectively [17] .
where ∆dchannels is head loss in channels (m), L is the channel length (m) and n is the Manning friction factor.
where ∆dreversals is the head loss in reversals (m) and g is the gravitational force (m/s 2 ).
The electricity input was multiplied by the number of HRAPs operating in each period (two from March to October and four from November to February).
The energy required for anaerobic digestion was calculated as the electricity and heat input for the system. The nominal volume of the anaerobic digester was determined considering the maximum microalgal biomass flow rate observed over the year (i.e. the average from the month of April), and adding the primary sludge flow rate. This represents a flow rate of 55 m 3 /d.
The microalgal biomass flow rate was determined from the weekly biomass production (Eq. 1, which ranged from 14.1 to 27.2 g TSS/m 2 d in the 4 days-HRAP, and from 5.6 to 12.1 g TSS/m 2 d in the 8 days-HRAP). Note that these big ranges of production were mostly related to changes in solar radiation, and to less extend to temperature. Biomass production was expressed as volatile solids after harvesting and concentration in the settlers and gravity cones (g VS/m 2 d). For this, microalgal biomass harvesting efficiency values used in this study ranged between 76 and 89%, while monthly average efficiency values were taken from Gutiérrez et al. [11] . Moreover, an average ratio of 70% VS/TS was considered.
Thickened microalgal biomass had an average volatile solids concentration of 17.5 g VS/L.
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According to this, the flow rate was calculated following Eq. (8) .
where Qmb is the estimated thickened microalgal biomass flow rate (m 3 /d), Bp is the microalgal biomass production (g VS/m 2 d), A is the HRAPs surface area (m 2 ), φ is the biomass harvesting efficiency and VSmb is the thickened microalgal biomass volatile solids concentration (g VS/m 3 ).
The thickened primary sludge flow rate was calculated by adding 75% of primary sludge on a mass VS basis (Eq. (9)). Thickened primary sludge had an average concentration of 28.5 g VS/L.
where Qps is the thickened primary sludge flow rate (m 3 /d), and VSps is the thickened primary sludge VS concentration (g VS/L). Finally, the total flow rate was calculated as the sum of the thickened microalgal biomass and the thickened primary sludge flow rates (Eq. (10)).
where Qb is the total flow rate to the digester (m 3 /d).
The highest flow rate to the digester (55 m 3 /d) was then considered for sizing the digester, which attained a useful volume of 1105.5 m 3 and a total volume of 1474.0 m 3 by setting a HRT of 20 days (Eq. (11)).
where Vd is the digester nominal volume (m 3 ), and HRTd is the digester hydraulic retention time (day). Consequently, the HRT of the anaerobic digester varied over the year depending on the total flow rate (Qb), being 20 and 75.8 days for the maximum and minimum influent flow rate, respectively.
The electricity input for the anaerobic digester included mixing and pumping (Eq. (12)).
where Einput,ADelectricity is the input electricity for anaerobic digestion (kWh/d); ϴ is the electricity consumption for pumping (kJ/m 3 ) [18] ; ω is the electricity consumption for mixing (kJ/m 3 d) [18] ; and 0.000278 is the conversion factor from kJ to kWh.
The heat input for the anaerobic digestion was calculated as the energy required for heating the digester influent from ambient temperature (Ta) to digestion temperature (Td) (Eq.
(13)). The monthly average air temperature of Barcelona (Spain) was considered. The density (ρ) and specific heat (γ) of digester influent were assumed to be the same as those of water, 1,000 kg/m 3 and 4.18 kJ/kg°C, respectively. Heat losses through the digester wall were calculated considering a heat transfer coefficient (k) of 1 W/m 2 d [2] corresponding to an insulated digester [2] .
where Einput, AD heat is the input heat for the anaerobic digestion (kWh/d); ρ is the digester influent density (kg/m 3 ); γ is the digester influent specific heat (kJ/kg°C); Td is the anaerobic digestion temperature (°C); Ta is the air temperature (°C); k is the heat transfer coefficient
(W/m 2°C ); Ad is the surface area of the digester wall (m 2 ); and 0.000278 is the conversion factor from kJ to kWh.
Concerning the pretreatment scenarios (2 and 4), a low temperature pretreatment (75 °C) was considered, as proposed by Passos and Ferrer [12] . In such scenarios, input heat was recalculated as the energy required for heating the influent microalgal biomass from ambient temperature (Ta) to the pretreatment temperature (Tp), and subtracting the energy recovered by cooling down the biomass from the pretreatment temperature (Tp) to the digestion temperature (Td). Besides, the heat requirement for rising up primary sludge temperature from Ta to Td was also accounted for Eq. (14) .
where E'input, AD heat is the input heat for the anaerobic digestion with microalgal biomass pretreatment (kWh/d); Tp is the pretreatment temperature (°C); ϕ is the heat recovery efficiency; and 0.000278 is the conversion factor from kJ to kWh.
Energy output
The energy output was calculated from experimental results on methane production from microalgal biomass and primary sludge co-digestion [13] . According to this, the average methane yield of mesophilic lab-scale digesters operated at 20 days of HRT was 0.32 m 3 CH4/kg VS without pretreatment (scenarios 1 and 3), and 0.46 m 3 CH4/Kg VS with microalgal biomass thermal pretreatment [13] . From the biogas produced, electricity would
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only be cogenerated in scenarios 1 and 2, while in scenarios 3 and 4 electricity would have to be supplied by another renewable energy source (e.g. solar panels).
The electricity output was calculated from the average methane yield (Eq. (15)). A lower calorific value of methane (ξ) of 10 kWh/m 3 CH4 [2] and an electricity conversion efficiency of the CHP unit of 35% were considered (η1).
where Eoutput, AD electricity is the output electricity from biogas (kWh/d); Pb is the VS production with which the digester is fed (kg VS/d) (microalgae biomass production plus primary sludge production); Y is the average methane yield (m 3 CH4/kg VS); ξ is the lower calorific value of methane (kWh/m 3 CH4); and η1 is the efficiency for electricity generation.
Similarly, heat production was calculated according to Eq. (16). The heat conversion efficiency (η2) was assumed to be 55% in the CHP unit (scenarios 1 and 2) and 90% in the boiler (scenarios 3 and 4).
where Eoutput, AD heat is the output heat from biogas (kWh/d); and η2 is the efficiency for heat generation.
Net energy ratio
Finally, the net energy ratio (NER) of electricity (NER electricity) and heat (NER heat) were calculated as the energy output (energy produced by the system) over the energy input (energy consumed by the system) (Eq. (17) and (18) 
The NER of the four scenarios was evaluated on both seasonal and monthly basis.
Sensitivity analysis
A sensitivity analysis was performed to evaluate how the uncertainty on input parameters may influence the results. Hence, the following crucial parameters were taken into account: methane yield (Y); electricity generation efficiency (η1); heat generation efficiency (η2); energy consumption for pumping (θ); energy consumption rate for mixing (ω); heat transfer coefficient (k) and heat recovery efficiency (ϕ). A variation of ± 10% was considered for all parameters, with the exception of the heat transfer coefficient (k) and the heat recovery efficiency (ϕ). For these parameters the following values were considered: 3-5 W/m 2 ·ºC and 0.50-0.65, respectively [2] . The annual average NERs of electricity and heat were calculated for the scenarios 2 and 4 (HRAPs followed by thermal pretreatment of microalgal biomass, anaerobic co-digestion with primary sludge and a CHP unit or a boiler for biogas conversion, respectively).
Statistical analysis
COD and NH4 + -N removals, along with microalgal biomass production from the 4 S2 days-HRAP and 8 days-HRAP, were compared by means of the Student's paired t test using Minitab 17.0 software. p=0.05 was set as the level of statistical significance.
Results and discussion

Experimental results
Wastewater treatment
Data gathered over one and a half years of experiments were divided into four periods corresponding to the seasons in the Mediterranean Region. The wastewater treatment efficiency of both HRAPs varied seasonally, according to variations on the primary effluent composition and weather conditions (Appendix , Table A1 ).
COD removal efficiencies showed no significant differences (p>0.05) between 
Biomass production
Average microalgal biomass production for the 4 days-HRAP and the 8 days-HRAP is plotted in Fig. 1 . The profile of biomass production followed the same trend in both 
Energy assessment
The objective of the energy assessment was to determine under which conditions the system would be energy neutral or even net energy producer (NER>1). To this aim, values of microalgal biomass production were taken from the experimental-plant HRAPs operating at 4 days HRT in the cold season (from November to February) and at 10 days HRT in the warm season (from March to October) (Appendix). The seasonal energy balance of the four scenarios, with and without cogeneration and microalgal biomass pretreatment is summarised in Table 2 . As can be seen all average NER values are positive and therefore indicative of net energy production.
Table 2
Results of the average seasonal energy assessment of a microalgae-based WWTP in the following scenarios: (1) HRAPs followed by anaerobic co-digestion of microalgal biomass and primary sludge, and a CHP unit for biogas conversion; (2) HRAPs followed by thermal pretreatment of microalgal biomass, anaerobic co-digestion with primary sludge, and a CHP unit for biogas conversion; (3) HRAPs followed by anaerobic co-digestion of microalgal biomass and primary sludge, and a boiler for biogas conversion; (4) HRAPs followed by thermal pretreatment of microalgal biomass, anaerobic co-digestion with primary sludge, and a boiler for biogas conversion. Standard deviations in brackets. Note that Einput, HRAP electricity does not have standard deviation since values were the same for different months is each season.
NER results are different when evaluated in a monthly basis (Fig. 2) . In the cogeneration scenarios (1 and 2), electricity and heat balances were evaluated separately ( Fig.   2a and 2b ). The NERelectricity was higher than 1 during the whole year for both scenarios, with and without pretreatment (Fig. 2a) , meaning that the electricity generation exceeded the electricity requirements of the system. While the electricity input for the HRAP (i.e. mixing) and anaerobic digester (i.e. pumping and stirring) was always lower than 140 kWh/d, the electricity output ranged between 570 and 1120 kWh/d for Scenario 1 and between 820 and 1600 kWh/d for Scenario 2, depending on the biomass production in the HRAPs (Table 2a ).
This means that even when microalgal biomass had the lowest production (5.6 g TSS/m 2 d), the electricity balance was positive (i.e. 282 and 458 kWh/d for scenarios 1 and 2, respectively). 
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Despite the positive results for electricity balance estimation, anaerobic digestion also requires heat (Fig. 2b) . Results from Table 2a show that the heat input was from 3 to 8-times higher (485-1140 kWh/d) than the electricity input (around 140 kWh/d). The heat output depends on the VS production and methane yield and, therefore, it was lowest during the winter season. Even so, the NERheat was lower than 1 in winter and higher than 1 during the rest of the year (scenario 1). This winter limitation was overcome by implementing a pretreatment step to enhance the microalgal biomass methane yield (scenario 2). According to Solé et al. [13] a low temperature pretreatment (75°C) increased the methane yield by 44%
(to 0.32-0.46 m 3 CH4/kg VS). By incorporating this pretreatment in the energy assessment (scenario 2), the system became net heat producer during the whole year (Fig. 2b) . Indeed, the heat output (1280-2520 kWh/d) (Table 2a) The other scenarios (3 and 4) considered that all the biogas produced via anaerobic digestion would be converted into heat (Fig. 2c) . In this case, the electricity needed to run the system (~ 100 kWh/d) would have to be supplied by other renewable energy technologies (such as solar panels). In scenario 3, heat production increased by around 60% (e.g. from 1750 to 2870 kWh/d during spring) (Table 2b ). This contribution made the system net heat producer during the whole year, since the NERheat ranged from 1.7 to 4.1 (Fig. 2c) .
Furthermore, when pretreatment was considered (scenario 4), the NERheat increased further, reaching values from 2.4 to 5.3 (Table 2b) .
It is worth mentioning that the proportion of primary sludge and microalgal biomass used (i.e. 75/25% in a mass VS basis) was selected according to a previous study evaluating several co-digestion conditions [13] . The mentioned study also showed that the higher the amount of primary sludge in the mixture, the higher the methane yield obtained in the co-S2 digestion process, since it is a more biodegradable substrate compared to microalgae.
Therefore, in a full realistic scenario, in which all primary sludge and microalgal biomass would be co-digested in the reactor, the proportion of both substrates would vary throughout the year, and will be different than the 75/25% proportion. A calculation using values of primary sludge production collected from a real WWTP and microalgal biomass from our pilot-scale HRAPs, shows that during winter an average proportion of 30/70% of microalgal biomass/primary sludge would be harvested, while during summer this proportion would be 60/40%. Therefore the proportion achieved in winter is very similar to that considered in the present paper. On the contrary, in summer the higher proportion of microalgae suggests that the methane yield in the co-digestion process would be probably lower than that used in this study (and therefore methane production would be also lower). Nonetheless, according to the results of our study this does not represent a great limitation, because during the summer months the WWTP would also have a higher biomass flow rate (biomass production), and therefore this would balance the decrease in methane yield.
Moreover, to further advance in closing the loop in the WWTP, residual biomass after anaerobic digestion may be reused for agricultural purposes. In fact, co-digestate from pretreated microalgae and primary sludge showed suitable content in terms of organic matter and micronutrients (especially organic and ammonium nitrogen) for soil amendment [22] . In this work, no phytotoxicity was observed when digestate was diluted (10% v/v) and heavy metals were below threshold established by the European legislation. Moreover, thermal pretreatment applied to microalgal biomass improved hygienisation, obtaining absence of E.
coli [22] .
On the whole, it can be concluded that a microalgae-based WWTP in which all the biogas produced via anaerobic co-digestion of microalgal biomass with primary sludge is
converted to heat and electricity by cogeneration would be energy self-sufficient if a pretreatment step is implemented (scenario 2). If biogas is only converted to heat, the system would be heat self-sufficient with and without pretreatment (scenarios 3 and 4). The best alternative would then depend on the cost of each process and governmental incentives for cogeneration and electricity injection to the grid.
Sensitivity analysis
The results of the sensitivity analysis are shown in 
Conclusions
From the results obtained in experimental HRAPs and anaerobic digesters, an energy assessment was undertaken to evaluate the suitability of microalgae-based systems by applying anaerobic co-digestion of microalgal biomass (with and without thermal pretreatment) and primary sludge. The energy assessment of a hypothetical 10,000 PE microalgae-based WWTP with anaerobic co-digestion located in a Mediterranean Region showed a positive energy balance for electricity, which increased further if biomass pretreatment was applied before anaerobic co-digestion. On the other hand, the energy assessment of the system became net heat producer during the whole year only if pretreatment was applied. If all the energy produced was used for heating providing electricity from other renewable sources, heat requirements were covered during the whole year increasing the heat production by some 60%. Although transfer coefficient and the heat recovery efficiency were considered the most sensitive factors for achieving a positive energy balance, the microalgae-based WWTP would remain net energy producer in systems applying thermal pretreatment of microalgal biomass, anaerobic co-digestion together with primary sludge and a CHP unit or a boiler for biogas conversion.
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